The inner ear consists of two otocyst-derived, structurally and functionally distinct components: the dorsal vestibular and ventral auditory compartments. BMP signaling is required to form the vestibular compartment, but how it complements other required signaling molecules and acts intracellularly is unknown. Using spatially and temporally controlled delivery of signaling pathway regulators to developing chick otocysts, we show that BMP signaling regulates the expression of Dlx5 and Hmx3, both of which encode transcription factors essential for vestibular formation. However, although BMP regulates Dlx5 through the canonical SMAD pathway, surprisingly, it regulates Hmx3 through a non-canonical pathway involving both an increase in cAMP-dependent protein kinase A activity and the GLI3R to GLI3A ratio. Thus, both canonical and noncanonical BMP signaling establish the precise spatiotemporal expression of Dlx5 and Hmx3 during dorsal vestibular development. The identification of the non-canonical pathway suggests an intersection point between BMP and SHH signaling, which is required for ventral auditory development.
INTRODUCTION
The inner ear is a morphologically complex three-dimensional organ with regionally specified sensory functions. It develops from the otocyst, an initially spherical epithelial primordium that forms adjacent to the caudal hindbrain. Growth factors secreted from neighboring structures, such as the neural tube and notochord, establish the dorsoventral (DV) patterning of the otocyst (Bok et al., 2007a; Groves and Fekete, 2012; Riccomagno et al., 2002 Riccomagno et al., , 2005 Wu and Kelley, 2012) . Two signaling systems, the Wingless-type MMTV integration site family (WNT) and Sonic hedgehog (SHH), play particularly important roles in this process. Each is presumed to provide positional information across the DV axis of the otocyst by forming concentration gradients; namely, a dorsal-high to ventrallow gradient of WNT that patterns mainly the dorsal otocyst, and an opposing gradient of SHH that patterns mainly the ventral otocyst (Bok et al., 2005; Bok et al., 2007a; Ohyama et al., 2006; Riccomagno et al., 2002 Riccomagno et al., , 2005 . Wnt1 and Wnt3a expressed in the dorsal neural tube, but not in the otocyst, are required for vestibular development (Riccomagno et al., 2005) . SHH signaling, in contrast to WNT signaling, patterns the ventral otocyst and is required for formation of the cochlear duct. Absence of SHH signaling in Shh −/− mouse embryos, or ablation of the embryonic tissue secreting SHH (notochord and floor plate of the neural tube) in chick embryos, results in complete loss of the cochlear duct (Bok et al., 2005 (Bok et al., , 2007b Brown and Epstein, 2011; Riccomagno et al., 2002) .
SHH signaling is mediated by GLI transcription factors, of which there are two functionally distinct types: activators (GLIA) and repressors (GLIR) (Briscoe and Novitch, 2008; Ingham and McMahon, 2001) . cAMP-dependent protein kinase A (PKA) phosphorylates full-length GLI, stimulating its proteolytic processing to GLIR (Chen et al., 1998; Wang et al., 2000) . During development of the inner ear, GLI2 and GLI3 play crucial roles in mediating SHH signaling through their dual functions. In the ventral otocyst, which is closest to the source of SHH signaling, the unprocessed GLIA forms are expected to predominate, whereas in the dorsal otocyst, which is distant from the source of SHH signaling, partial proteolytic processing of the full-length form is expected to occur, generating the GLIR forms. Based on the analysis of mouse GLI mutant embryos, it was suggested that formation of the cochlear duct requires predominantly GLI2A and GLI3A, whereas formation of the vestibular system requires predominantly GLI3R (Bok et al., 2007a) .
Although a simple model of otocyst DV patterning is appealing, in which opposing gradients of only two signaling pathways are required, other evidence suggests that patterning is more complex. For example, in the absence of SHH signaling, Dlx5, a gene normally expressed in the dorsal otocyst, is expanded ventrally; however, another dorsally expressed gene, Hmx3 (formerly Nkx5.1), is unaffected (Riccomagno et al., 2002) . Moreover, Pax2 and Otx2, two genes expressed in the ventral otocyst, are expressed normally in the Wnt1/Wnt3a double mutant, rather than being expanded dorsally (Riccomagno et al., 2005) . These results suggest that other signals in addition to WNTs and SHH provide regional information for otocyst DV patterning. Among the possible candidates are BMPs. BMPs are expressed in the roof plate of the hindbrain and in the adjacent dorsomedial margin of the otic cup Wu and Oh, 1996) , as well as within the wall of the dorsal otocyst itself (Chang et al., 2008; Oh et al., 1996; Wu and Oh, 1996) . Chromatography beads coated with the BMP antagonist noggin and implanted into chick embryos adjacent to the dorsal otocyst inhibit the formation of the semicircular canals (Chang et al., 1999; Gerlach et al., 2000) . Similarly, conditional knockout of Bmp4 in the developing mouse inner ear results in loss of the three sensory cristae and their associated semicircular canals, whereas the cochlear duct seems unaffected (Chang et al., 2008) . Thus, in addition to WNT signaling, BMP signaling is required for development of dorsal otocyst structures.
In the dorsolateral otocyst, BMP signaling was suggested to maintain, either directly or indirectly, the expression of two homeobox genes, Dlx5 and Hmx3, which encode transcription factors required to form the primordial canal pouch Merlo et al., 2002; Wang et al., 2004 Wang et al., , 1998 . However, it is not known how BMP signaling molecularly regulates the expression of these genes.
Here, we show that BMP signaling regulates both Dlx5 and Hmx3 expression in the dorsal otocyst and this occurs through distinct intracellular pathways. Specifically, the canonical phospho-SMAD (pSMAD) pathway regulates Dlx5 expression, whereas a non-canonical pathway that activates PKA and increases the ratio in the dorsal otocyst of GLI3R to GLI3A regulates Hmx3. Thus, both canonical and noncanonical BMP signaling are important for dorsal otocyst patterning, and the non-canonical pathway suggests a link that could be used to coordinate dorsal and ventral otocyst patterning signals.
RESULTS

Gain of BMP signaling inhibits cochlear duct development and induces Hmx3 and Dlx5 expression
Previous loss-of-function studies showed that BMPs are required to form the vestibular system (Chang et al., 2008 (Chang et al., , 1999 (Chang et al., , 2002 Gerlach et al., 2000; Ohta et al., 2010) . However, whether increasing BMP signaling dorsalizes the early otocyst is unknown. To determine this, we co-sonoporated Bmp4 and Gfp into the ventral head mesenchyme of chick embryos at HH stages 9-11 ( Fig. 1A-C) . Computer-aided three-dimensional reconstruction of the inner ears 5-6 days later showed that, in comparison with the control side, development of the cochlear duct on the sonoporated side was strongly inhibited, whereas both the vestibular system and endolymphatic duct were normal ( Fig. 1D-F) . Moreover, 60 h after sonoporation, the expression of two transcription factors normally restricted mainly to the dorsal otocyst, namely Hmx3 and Dlx5, was altered. Relative to embryos treated with Gfp only, the expression of both genes was expanded ventromedially within the otocyst of embryos treated with both Bmp4 and Gfp (Fig. 1G-J , plus signs). Moreover, expression of Otx2, a gene normally expressed ventrally in the nascent cochlear duct, was inhibited (Fig. 1K ,L, minus signs). These results show that gain of BMP signaling ventrally is sufficient to dorsalize the ventral otocyst, suggesting that BMP signaling plays a role in establishing the dorsal polarity of the otocyst.
Loss of BMP signaling inhibits dorsal otocyst development and attenuates Hmx3 and Dlx5 expression while expanding Otx2 expression dorsally Previously, we reported that overexpression of noggin (Nog), a BMP antagonist, resulted in the complete loss of the three semicircular canals 5-6 days later, whereas the endolymphatic duct and cochlear duct formed essentially normally (Ohta et al., 2010) . To further test the requirement of BMP signaling in patterning the dorsal otocyst, we blocked BMP signaling again by co-sonoporating Nog and Gfp into the dorsal head mesenchyme of chick embryos at HH stages 15-16 ( Fig. 2A-C) . First, we confirmed our previous result, once more showing the loss of the semicircular canals and the persistence of the endolymphatic duct and cochlear duct (Fig. 2D) . Then, we asked whether BMP signaling is required for Hmx3 and Dlx5 expression in the dorsal otocyst. In otocysts treated with Nog and Gfp, formation of the primordial canal pouch was inhibited 48 h later, and both Hmx3 and Dlx5 expression was greatly diminished (Fig. 2E-H , black arrowheads), with the exception that Dlx5 was still expressed in the forming endolymphatic duct (Fig. 2H, red arrowhead) . Moreover, Otx2 expression was expanded dorsally (Fig. 2I ,J, red arrowheads) and was even expressed ectopically in the most dorsal otocyst cells (Fig. 2J, asterisk, inset) . These results show that BMP signaling is required for both Hmx3 and Dlx5 expression, and that it restricts Otx2 expression to the ventral otocyst. The right-left axis of histological images and reconstructions are oriented here and subsequently to align with the experimental schema, simplifying data interpretation. D, dorsal; L, lateral; R, rostral; cc, common crus; cd, cochlear duct; ed, endolymphatic duct; hb, hindbrain; la, lateral ampulla; lsc, lateral semicircular canal; no, notochord; nt, neural tube; op, otic placode; ot, otocyst; pa, posterior ampulla; psc, posterior semicircular canal; s, saccule; sa, superior ampulla; ssc, superior semicircular canal; u, utricle.
BMP signaling controls Dlx5 expression through the pSMAD pathway
To determine whether BMP signaling controls Hmx3 and/or Dlx5 expression in the dorsal otocyst through its canonical pathway, we blocked pSMAD signaling in the dorsal otocyst by coelectroporating the inhibitory SMAD Smad6 and Gfp into the dorsolateral wall of the otocyst at HH stages 15-16 (Fig. 3A-C) . Twelve hours later, pSMAD labeling was still present in the dorsal region of control otocysts transfected with Gfp alone (Fig. 3D,D′) , but in otocysts co-transfected with Smad6 and Gfp the pSMAD labeling in the dorsal otocyst was absent (Fig. 3E,E′) , confirming that overexpression of Smad6 blocked pSMAD signaling. Additionally, co-transfection of Smad6 and Gfp into the dorsal otocyst completely inhibited development of the semicircular canals, but development of the endolymphatic duct and cochlear duct was essentially unaffected (Fig. 3F,G) .
We next examined Hmx3 and Dlx5 expression in the otocyst at HH stages 20-21. Neither Dlx5 nor Hmx3 expression was affected after treatment with Gfp alone (Fig. 3H-K′) . However, after treatment with Smad6 and Gfp, Dlx5 expression was abolished dorsolaterally (Fig. 3I,I′) , with the exception that cells in the dorsomedial otocyst (i.e. those that form the endolymphatic duct) still expressed Dlx5 (Fig. 3I,I″) . In striking contrast, all treated otocysts still expressed Hmx3 (Fig. 3J-K′) . These results clearly show that BMP signaling regulates Dlx5 expression in the dorsolateral otocyst through the canonical pSMAD pathway, whereas Hmx3 expression is not regulated by this pathway, suggesting a role for a non-canonical BMP signaling pathway.
BMP signaling controls Hmx3 expression through a noncanonical pathway that involves GLI3 protein processing Analysis of inner ear phenotypes in GLI mutant mice suggested that GLIR and GLIA are present in the early otocyst as reciprocal DV protein gradients, with repressor being high dorsally and activator high ventrally (Bok et al., 2007a) . This raises the possibility that such a gradient might control Hmx3 expression in the dorsolateral otocyst. To test this, we co-electroporated Gli3R and Gfp into the ventral otic epithelium of chick embryos at HH stages 9-11 ( Fig. 4A -C) in order to alter the gradient by counteracting the higher level of Gli3A expected to be present in the ventral otocyst, and examined gene expression 24-30 h later at HH stages 20-21. In control otocysts transfected with Gfp alone, Hmx3 expression was unaltered ( Fig. 4D ,D′), but in otocysts co-transfected with Gli3R and Gfp, ectopic Hmx3 expression occurred ventromedially (Fig. 4E ,E′). Dlx5 expression was unchanged in both control (Fig. 4F ,F′) and Gli3R-transfected otocysts (Fig. 4G ,G′). Thus, GLI3 signaling controls Hmx3 expression in the otocyst, but not Dlx5 expression.
To examine whether BMP signaling regulates the proteolytic processing of full-length GLI3 (GLI3FL) to increase the level of GLI3R, we altered the level of BMP signaling. Either Bmp4 or Nog was co-sonoporated with Gfp as described above (Fig. 1A, Fig. 2A ). Otocysts were collected 48-60 h later, when they reached HH stages 24-25, and pooled for western blotting to detect GLI3 (Wang et al., 2000) . After overexpression of Bmp4 and Gfp, the ratio of GLI3R to GLI3FL in otocysts was 1.8-fold greater than that of control otocysts due to an increase in GLI3 processing (i.e. an increase in GLI3R; Fig. 4H ,H′). By contrast, after overexpression of Nog and Gfp, the ratio was dramatically decreased due to a reduction in GLI3R (Fig. 4I,I′) . These results provide strong evidence that BMP signaling plays an important role in GLI3FL protein processing to increase the level of GLI3R. In addition, we asked whether BMP signaling through its pSMAD pathway affects GLI3FL processing. Smad6 and Gfp were co-electroporated into the dorsolateral otocyst as described above (Fig. 3A ). Otocysts were again collected 24-30 h later when embryos reached HH stages 24-25 and pooled for western blotting to detect GLI3. The GLI3R/GLI3FL ratio was unchanged, showing that the canonical BMP/pSMAD pathway does not participate in GLI3FL processing (Fig. 4J ,J′).
BMP signaling affects PKA activity, and increasing PKA activity inhibits cochlear duct development and induces Hmx3 but not Dlx5 expression GLI3FL is phosphorylated by PKA, stimulating the proteolytic processing of GLI3FL to GLI3R (Chen et al., 1998; Wang et al., 2000) . Thus, we next asked whether BMP signaling upregulates PKA activity. Either Bmp4 or Nog was co-sonoporated with Gfp as described above (Fig. 1A, Fig. 2A ). Otocysts were collected 48-60 h later when embryos reached HH stages 24-25 and pooled for PKA activity assays. Bmp4 and Gfp overexpression increased PKA activity in the otocyst by more than 40% (Fig. 5A ). In concert with this, Nog and Gfp overexpression decreased PKA activity by more than 50% (Fig. 5B) . These results suggest that BMP signaling affects PKA activity in the developing otocyst.
We next asked whether increased PKA activity affects GLI3FL proteolytic processing in the otocyst. We co-electroporated the ventral otic epithelium, as described previously (Fig. 4A) , with constitutively active PKA (caPka) and Gfp. Otocysts were collected 24-30 h later when they reached HH stages 20-21 and were pooled for western blotting to detect GLI3. Overexpression of caPka and Gfp resulted in an increased GLI3R/GLI3FL ratio due to excess production of GLI3R (Fig. 5C,C′) . This suggests that PKA activity can regulate GLI3FL proteolytic processing, thereby changing the DV ratio of GLI3FL/GLI3R in the otocyst.
Computer-aided three-dimensional reconstruction of inner ears 5-6 days after caPka transfection showed that the cochlear duct was severely truncated, whereas the vestibular system and endolymphatic duct were normal (Fig. 5D-F) , suggesting that increased PKA activity dorsalizes the ventral otocyst by altering regional gene expression. To address this, we transfected HH stage 9-11 otocysts ventrally ( Fig. 4A ) with caPka and Gfp, and 24-30 h later assessed Hmx3 and Dlx5 expression in otocysts at HH stages 20-21. In otocysts transfected with Gfp alone, Hmx3 expression was unaffected (Fig. 5G,G′) , but in otocysts co-transfected with caPka and Gfp, Hmx3 was ectopically expressed in ventral cells (Fig. 5H,H′) . By contrast, Dlx5 expression was unaffected in otocysts transfected with Gfp alone (Fig. 5I,I′) or after cotransfection with caPka and Gfp (Fig. 5J,J′) . These results suggest that Hmx3, but not Dlx5, expression is regulated during dorsal patterning of the otocyst by a non-canonical BMP signaling pathway. Moreover, our results suggest that the non-canonical pathway involves the activation of PKA and increased GLI3 proteolytic processing.
Inhibition of ventral otocyst development by caPka is rescued by caGli3A (Gli3A
To determine whether caPka overexpression inhibited development of the cochlear duct specifically by increasing the level of GLI3R, we attempted to rescue ventral otocyst development after caPka overexpression by co-expressing caGli3A (Gli3A HIGH ). caGli3A acts as a constitutively active transcriptional activator (Stamataki et al., 2005) , so we expected that caGli3A would counteract the elevated GLI3R in the ventral otocyst that resulted from increased PKA activity. pCAβ-IRES-Gfp vector alone, pCAβ-caPka-IRES-Gfp, or pCAβ-caPka-IRES-Gfp and pCAGGS-caGli3A were electroporated into the ventromedial otocyst and embryos were collected 60 h later for in situ hybridization with Otx2 or 72 h later for computer-aided serial section reconstruction (Fig. 6A-I ). As expected, Otx2 expression was unchanged after overexpression of vector alone (Fig. 6A ) and the otocyst developed normally (Fig. 6B,C) . Also as expected, Otx2 expression was essentially absent after overexpression of caPka (Fig. 6D) and development of the cochlear duct was inhibited (Fig. 6E,F) . By contrast, co-overexpression of caPka and caGli3A (plus Gfp) restored virtually normal Otx2 expression (Fig. 6G ) and cochlear duct development (Fig. 6H,I ). Measurements of the cochlear duct showed that it did not statistically differ in length between control and rescued ducts, but that it differed statistically between control and caPka-treated ducts, as well as between caPka-treated and rescued ducts (Fig. 6J) . Collectively, these results provide strong evidence that overexpression of caPka inhibited development of the cochlear duct specifically by increasing the level of GLI3R. 
DISCUSSION
DV patterning of the otocyst involves the secretion of WNTs from the dorsal hindbrain and SHH from the notochord and floor plate of the hindbrain (Groves and Fekete, 2012; Wu and Kelley, 2012) . In addition, considerable evidence supports an obligatory role for BMP signaling in dorsalization of the inner ear (Chang et al., 2008 (Chang et al., , 2002 Gerlach et al., 2000; Ohta et al., 2010) . Here, we show that BMP signaling is essential for establishing otocyst dorsal polarity, and that at least two intracellular pathways are involved: a canonical pSMAD pathway, and a non-canonical pathway that activates PKA and increases the GLI3R/GLI3FL ratio by increasing the amount of GLI3R present in the dorsal otocyst. These two BMP-regulated pathways coordinate dorsalization of the otocyst, inducing expression of both Dlx5 and Hmx3, which encode transcription factors essential for normal formation of the vestibular system (Fig. 7) .
Interplay between dorsal signaling factors during inner ear development
In TOPGAL mouse embryos, β-GAL is detected in the dorsomedial portion of the otic epithelium, which is the region of the otocyst closest to the dorsal neural tube, the site of WNT secretion. Additionally, in tissue explants from such embryos, both β-GAL and Dlx5 respond in a dose-dependent manner to WNT/β-catenin signaling by expanding their expression ventrally in the otocyst (Riccomagno et al., 2005) . These data clearly indicate that the dorsal otocyst responds to WNT signaling.
We showed previously that the BMP effector pSMAD is localized to the dorsolateral otocyst (Ohta et al., 2010) , suggesting that BMPs also pattern the dorsal otocyst. When we inhibited BMP signaling using reagents that presumably would not inhibit WNT signaling (namely Nog or Smad6), the semicircular canals were partially or completely lost and expression of some dorsal otocyst genes was inhibited (e.g. both Hmx3 and Dlx5 with Nog, and only Dlx5 with Smad6). These results show that BMP signaling, like WNT signaling, is required to pattern the dorsal otocyst, and that neither growth factor alone is sufficient to effect full dorsal patterning. Moreover, in Wnt1 −/− ;Wnt3a −/− doublemutant mouse embryos, the size of the otocyst is severely reduced, but Bmp4 expression persists in the dorsolateral epithelium of the otocyst (Riccomagno et al., 2005) , suggesting that the otocyst still receives BMP signals in these embryos. Nevertheless, these mutant embryos have severely disrupted inner ears lacking vestibular components. Thus, both WNT and BMP signaling are required for dorsal patterning of the otocyst and proper formation of the vestibular system. 
Regulation of Dlx5 expression in the dorsolateral otocyst by canonical BMP signaling
In the early otocyst, Dlx5 is expressed throughout the forming semicircular canals and endolymphatic duct (Brown et al., 2005) . At later stages, expression of Dlx5 in the canals becomes restricted to their nonsensory regions in a pattern complementary to that of their sensory patches, which express Bmp4; thus, Dlx5 and Bmp4 are expressed in discrete, non-overlapping regions (Brown et al., 2005) . Dlx5 null mutant embryos have severe defects in the dorsal otocyst, lacking all three semicircular canals and forming a truncated endolymphatic duct (Merlo et al., 2002) . Therefore, Dlx5 plays an essential role in formation of the dorsal otocyst.
In the present study, we showed that inhibition of canonical BMP signaling blocks Dlx5 expression. However, as mentioned above, Dlx5 expression is regulated in a dose-dependent manner by WNT/ β-catenin signaling (Riccomagno et al., 2005) . In addition, conditional inactivation of β-catenin in the otic placode of mouse embryos results in a dramatic reduction of Dlx5 expression, whereas conditional activation of the canonical WNT pathway causes an expansion of Dlx5 expression (Ohyama et al., 2006) . Thus, it seems that the spatiotemporal pattern of Dlx5 expression in the developing inner ear is regulated by at least two pathways, i.e. both canonical BMP signaling and canonical WNT signaling. As mentioned above, Dlx5 is broadly expressed throughout the entire dorsal otocyst, including its dorsomedial region, which forms the endolymphatic duct, and its dorsolateral region, which forms the semicircular canals. Dlx5 expression in the dorsolateral region of the otocyst, a region that is relatively far from the dorsal neural tube as the source of WNT signaling, is likely to be regulated by BMP signaling, whereas Dlx5 expression in the dorsomedial region is likely to be regulated by WNT signaling, at least in part. Consistent with this, we showed that inhibition of BMP signaling in the otic epithelium reduced Dlx5 expression in the dorsolateral region but not in the dorsomedial region. Similar results have also been obtained in otic conditional Bmp4 knockout mice, in which Dlx5 expression is reduced in the canal pouch, but not more medially in the endolymphatic duct (see figure 3I in Chang et al., 2008) . Thus, coordination of the two pathways is necessary for precise spatiotemporal expression of Dlx5 during vestibular development.
Regulation of Hmx3 expression in the dorsolateral otocyst by non-canonical BMP signaling
Hmx3 and Hmx2 ( previously Nkx5.1 and Nkx5.2, respectively) are expressed in the dorsolateral otocyst, where they almost completely overlap with the Dlx5 expression domain (Herbrand et al., 1998) . Disruption of either gene or both Hmx2 and Hmx3 gives rise to a Fig. 5 . Increasing and decreasing BMP signaling alters PKA activity in opposite directions, and caPka overexpression induces ectopic expression of Hmx3, but not of Dlx5, and inhibits formation of the cochlea. (A,B) Mean levels of PKA activity in whole chick otocysts at HH stages 24-25 collected after overexpression of Bmp4 (transfected as in Fig. 1A; n=5) or Nog (transfected as in Fig. 1A; n=5) , compared with controls (Con). (C,C′) Western blot and mean GLI3R/GLI3FL ratios in whole chick otocysts at HH stages 20-21 collected after overexpression of caPka (transfected as in Fig. 4A; n=5) , compared with controls. Blue arrowhead, GLI3R; red arrowhead, GLI3FL; α-tub, α-tubulin. *P<0. phenotype similar to that of the Dlx5 mutant, that is, absence of the semicircular canals Merlo et al., 2002; Wang et al., 2004 Wang et al., , 1998 . Both Dlx5 and Hmx3 play crucial roles in formation of the vestibular system (Merlo et al., 2002) . However, Hmx3 expression seems to be regulated by a pathway that is distinct from that of Dlx5. As mentioned above, Dlx5 expression in the dorsal otocyst is likely to be regulated by both WNT and BMP signaling. However, Hmx3 expression is unlikely to require WNT signaling, as disruption of Wnt1 and Wnt3a, or ablation of the dorsal neural tube, does not affect Hmx3 expression (Riccomagno et al., 2005) . Intriguingly, when we blocked BMP signaling with Nog, Hmx3 expression in the dorsolateral otocyst was attenuated but still present, whereas Dlx5 expression was almost extinguished. This suggests that regulation of Hmx3 expression is less sensitive to loss of BMP signaling than is Dlx5 expression. Similar results were obtained in Bmp4 conditional knockout mice, namely, strongly reduced Dlx5 expression in the dorsolateral otocyst, with persisting, but apparently weaker, Hmx3 expression (Chang et al., 2008) . Collectively, these results indicate that BMP signaling alone is not sufficient to regulate full expression of Hmx3 in the dorsolateral otocyst.
In the current study, we showed that gain of GLI3R function in the otocyst induced ectopic expression of Hmx3, suggesting that GLI3R is a key factor positively regulating Hmx3 expression. This raises the question of which signaling pathways lead to the production of GLI3R. At least two pathways might be involved. One is the SHH pathway. According to an existing model of DV inner ear patterning (Bok et al., 2007a) , the dorsal region of the otocyst should have a high concentration of GLI3R, as compared with the ventral region, because it should receive considerably less (or no) SHH signaling, which is generated from axial tissues ventral to the otocyst (Hui and Angers, 2011) . Consistent with this, ShhP1 transgenic mouse embryos, which have ectopic SHH expression in the dorsal otic epithelium, have decreased Hmx3 expression (Riccomagno et al., 2002) . Although not assessed by the authors in their study, we would expect that increased dorsal signaling of SHH would lead to a decrease in GLI3R dorsally. A second possible signaling pathway to regulate GLI3R is the non-canonical BMP pathway revealed in the current study. This pathway mediates PKA activation, which phosphorylates GLI3FL and results in production of GLI3R. Presumably, the higher amount of GLI3R maintained in the dorsal otocyst by both the lack of SHH signaling and active non-canonical BMP signaling would be necessary to induce the appropriate level of Hmx3 expression required for normal vestibular development.
Model of the molecular pathways regulating Dlx5 and Hmx3 expression in the developing otocyst
Our results show that canonical BMP signaling regulates Dlx5 expression in the dorsolateral otocyst (Fig. 7) . Inhibition of SMAD signaling with Smad6 almost completely abolishes Dlx5 expression, whereas Dlx5 expression in the dorsomedial otocyst, including the endolymphatic duct, was not affected. Previous reports suggest that the homeobox gene Gbx2 is also involved in regulating Dlx5 expression. Gbx2 mutant mice lack Dlx5 expression in the dorsomedial domain of the otocyst, but expression in the dorsolateral domain persists (Lin et al., 2005) . Moreover, WNT and FGF signaling have been suggested to play a role in inducing and maintaining Gbx2 expression, which in turn induces Dlx5 expression (Hatch et al., 2007; Riccomagno et al., 2005) .
Our results also show that Hmx3 expression is ectopically induced in the ventral otocyst by gain of GLI3R function, suggesting that the function of GLI protein (i.e. as an activator or repressor) along the DV axis of the otocyst regulates Hmx3 expression (Fig. 7) . According to a model proposed by Wu and colleagues, the dorsal region of the otocyst would be expected to have a high dose of GLI repressor due to the absence (or low level) of SHH signaling there (Bok et al., 2007a) . Moreover, our results suggest that non-canonical BMP signaling increases PKA activity, which in turn would be expected to phosphorylate GLI3FL, resulting in its partial proteolysis and the production of GLI3R. Our rescue experiments strongly support this expectation. Collectively, our results suggest that the regulation of Hmx3 expression in the dorsolateral otocyst involves GLI3R-maintained crosstalk between SHH and BMP signaling.
A possible molecular pathway mediating PKA activation by BMP non-canonical signaling Several studies have reported that BMP signaling can upregulate PKA activity (Gangopahyay et al., 2011; Lee and Chuong, 1997; Liu et al., 2005; Tee et al., 2010) . However, the molecular pathway by which this occurs remains unclear. Because binding of cAMP(s) to the regulatory subunit(s) of PKA is thought to be indispensable for activation of PKA (Granot et al., 1980; Taylor et al., 1990) , BMP signaling presumably interacts directly or indirectly with a G-protein-coupled receptor (GPCR) to increase the production of intracellular cAMP. The parathyroid hormone (PTH)/PTH-related protein (PTHrP) pathway is a likely candidate with potential to interact with BMP to control cAMP production. The PTH/PTHrP receptor can activate the G αs subunit that activates the adenylate cyclase (AC)/PKA pathway in a ligand-dependent manner (Fujimori et al., 1992) . Numerous reports have suggested that BMP signaling directly or indirectly regulates bone development by interacting with the PTH/PTHrP pathway (Minina et al., 2001; Susperregui et al., 2008; Zou et al., 1997) . In the developing inner ear, PTHrP (also known as Pthlh) seems to be expressed in the dorsal epithelial wall, including the semicircular canals, but not in the endolymphatic duct, and it is also expressed in mesenchyme surrounding the cochlear duct (Karperien et al., 1996; Lee et al., 1995) . By contrast, PTH receptor (also known as Pth1r) is diffusely expressed in both the inner ear epithelium and surrounding mesenchyme (Lee et al., 1995) . Albright's hereditary osteodystrophy, a human congenital disease characterized by the inability to respond to PTH, involves hearing loss in some patients (Wilson and Trembath, 1994) , but whether vestibular development is also affected is unknown. Although these results raise the possibility that the PTHrP pathway might function in BMP signaling in the inner ear, further studies are needed to directly test this.
MATERIALS AND METHODS
Embryos
Fertilized White Leghorn chick eggs were incubated at 38.5°C until embryos reached desired stages (Hamburger and Hamilton, 1951) . All experiments were conducted using early chick embryos, at stages well before hatching, and were performed in compliance with the University of Utah IACUC requirements.
Western blotting
Otocysts were manually dissected from chick embryos at HH stages 20-24, pooled (5-20 for each lane), digested with dispase (GIBCO; 0.5 U/ml for 30-45 min at 37°C), and lysed with ice-cold RIPA buffer. Protein concentration was measured using the Pierce Coomassie Plus Bradford Assay Kit (ThermoFisher). Equal amounts of protein were loaded onto 7.5% SDS-PAGE gels, and western blotting was performed with GLI3 antibody as described previously (Pan and Wang, 2007; Wang et al., 2000) . A monoclonal antibody to α-tubulin (1:2000; Sigma, T6199) was used as a loading control. Secondary antibodies were mouse IgGs conjugated with HRP (GE Healthcare, NA9310V).
Gene transduction
Electroporation was used to deliver genes encoding intracellular proteins to discrete, selected regions of the wall of the otocyst, and sonoporation was used to deliver genes encoding extracellular proteins to mesenchymal cells either directly ventral to the otic placode or dorsal to the otocyst. Chick eggs were windowed using standard techniques, the vitelline membranes were removed, the amnion (at stages when present) was opened over the otocyst, and embryos were either sonoporated (Ohta et al., 2003) or electroporated (Ohta et al., 2010) in ovo to transfect expression vectors.
For sonoporation, a DNA-microbubble mixture was prepared by adding 10 μl plasmid DNA solution (2.0-4.0 μg/μl) to 10 μl SonoVue (BRACCO), and the mixture was injected into the head mesenchyme adjacent to the otocyst using a glass micropipette (GD-1.2, Narishige). Stages were selected to target sonoporation ventrally (HH stages 9-11; Fig. 1A ) or dorsally (HH stages 15-16; Fig. 2A ). Injected embryos were immediately exposed to ultrasound using a 3-mm diameter probe (Sonitron 2000N, Nepagene) with an input frequency of 1 MHz, an output intensity of 2.0 W/cm 2 , and a pulse duty ratio of 20% for 60 s. Embryos were usually collected after an additional 48-60 h upon reaching HH stages 24-25. For electroporation, the plasmid solution (2.0 μg/μl) contained 0.1% Fast Green for visualization, and was injected into the lumen of the developing otocyst (or cavity of the otic cup) using a glass micropipette. Stages were selected to target electroporation to the dorsolateral (HH stages 15-16; Fig. 3A ) or ventromedial (HH stages 9-11; Fig. 4A ) otocyst wall, and electrodes were positioned accordingly. In HH stage 9-11 embryos, the positive electrode was placed in the subcephalic pocket beneath the otic placode and the negative electrode was placed just above (dorsal to) the placode. In HH stage 15-16 embryos, the negative electrode was inserted into the otocyst lumen through the nascent endolymphatic duct and the positive electrode was placed just above (lateral to) the otocyst. Needle electrodes were used exclusively (tungsten, diameter 0.010 inch, length 3 inches, tapered tip of 12°, AC resistance of 5 MΩ) and were purchased from A-M Systems (Sequim, catalog no. 577300). Two 50-msec pulses at 10 volts were applied using a CUY21 electroporator (Nepa Gene). Embryos were usually collected 18-36 h later upon reaching HH stages 20-21.
For rescue experiments, the plasmid mixture was prepared by adding 2 μl pCAβ-caPka-IRES-Gfp (0.5 μg/μl) to 2 μl pCAGGS-caGli3A (Gli3A HIGH ) (0.5 μg/μl) and electroporated into the ventromedial wall of the otocyst in chick embryos at HH stages 9-11. Non-rescued but experimentally treated otocysts were electroporated with pCAβ-caPka-IRES-Gfp (0.5 μg/μl) alone.
Expression vectors
pCAGGS-Gfp was obtained from H. Ogawa (Ogawa et al., 1995) and pCAGGS-Gli3A
HIGH and pCAGGS-Gli3R were obtained from J. Briscoe (Stamataki et al., 2005) . pCAGGS-Bmp4 (mouse) was described previously (Ohta et al., 2003) . Full-length mouse Nog cDNA was obtained from A. McMahon (University of Southern California, CA, USA) and inserted into a pCAGGS vector. pCS2-SMAD6 (human) was purchased from Addgene ( plasmid 14960). The constitutively active catalytic subunit of protein kinase A (PKA) was isolated from an RCAS(A) vector (from A. Munsterberg, University of East Anglia, Norwich, UK) using a ClaI site and subcloned into a ClaI site of pCAβ-IRES-Gfp (from A. Tucker, King's College London, London, UK).
Three-dimensional visualization of the inner ear
Inner ear morphology was visualized in two ways. First, paraffin serial transverse sections of chick embryos at HH stages 30-35 were stained with Hematoxylin and Eosin, photographed, and reconstructed threedimensionally using Amira 5.1 software (FEI). Second, the otocyst lumen was filled with white paint, as described previously (Morsli et al., 1998) , to create a cast of its three-dimensional shape. Phenotypes were readily detectable in serial sections, but computer-aided reconstructions and paint fills are shown in the figures to aid visualization of the complex threedimensional morphology of the inner ear.
PKA activity assay
Dissected otocysts from embryos at HH stages 24-25 were pooled (20 per run), enzymatically digested as described above, and lysed in buffer comprising 25 mM Tris-HCl ( pH 7.4), 0.5 mM EDTA, 0.5 mM EGTA and 10 mM β-mercaptoethanol, with one inhibitor cocktail tablet (Complete, Roche) added per 50 ml. PKA activity was measured using a PepTag Kit (Promega).
In situ hybridization on paraffin sections
Chick embryos were fixed with 4% paraformaldehyde and embedded in paraffin, and transverse sections were subjected to in situ hybridization using standard procedures with chick probes for Hmx3 (gift of Dr E. Bober, Max Planck Institute for Heart and Lung Research, Frankfurt, Germany), Dlx5 (gift of Dr W. Upholt, UCONN Health, Farmington CT, USA) and Otx2 (gift of Dr L. Bally-Cuif, Université Paris-Sud, Paris, France).
Immunolabeling
Transfected cells were detected in transverse paraffin sections with a monoclonal primary antibody against GFP (Roche, 11814460001; 1:250). pSMAD1/5/8 (Cell Signaling Technology, #9511) was detected with a rabbit polyclonal antibody, diluted 1:200 in blocking solution (0.1% sheep serum). Secondary antibodies conjugated to AlexaFluor 488 or AlexaFluor 594 (Invitrogen, A21202 or A11012, respectively) were diluted 1:1000 and imaged using an Olympus BX-51 microscope and DP-80 digital camera.
Statistical analysis
Sample size was based on past, similar experiments and feasibility. Statistical analyses were performed using Minitab Express. In each experiment, we used the Anderson-Darling test to evaluate whether the data fit a normal distribution, and the F-test to examine whether variances between the two groups (control and experiment) were similar. Based on this, means and standard deviations were calculated and are shown in the figures, with P-values obtained using a two-tailed, unpaired Student's t-test. When more than two groups were compared (Fig. 6J ), means were compared statistically by one-way ANOVA.
